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Introduction {#sec005}
============

Dental pulp vitality is of great importance to teeth, not only for providing nutrition but also as biological sensors to detect outside stimulus. Preserving pulp vitality should always be the essential aim of endodontic treatment. Direct pulp capping as a viable and valid method to isolate outside stimulation has extraordinary significance \[[@pone.0172693.ref001], [@pone.0172693.ref002]\]. An ideal pulp capping material should isolate the pulp from infection and provide a biological environment for dental pulp tissue repair \[[@pone.0172693.ref003]\]. Calcium hydroxide (Ca(OH)~2~) pulp capping material has been used as the golden standard for a long time. However, Ca(OH)~2~ has its own limitations, such as inducing coagulation necrosis and pathologic calcification, pulp chamber obliteration \[[@pone.0172693.ref004], [@pone.0172693.ref005]\]. The new popular material, Trioxide aggregate (MTA), may efficiently induce reparative dentin formation (RDF) without inflammatory responses in the pulp. However, it is difficult to handle, exhibits poor adhesion to the tooth substrate, and has a latent impact on tooth color, which prevent its clinical use \[[@pone.0172693.ref006]--[@pone.0172693.ref008]\]. Thus, we attempt to seek a new direct pulp capping material that can meet the needs of promoting pulp repair with the slightest side effects.

DBM, which derives from natural bone tissue, is a biocompatible material and has been used in bone defect treatment \[[@pone.0172693.ref009], [@pone.0172693.ref010]\]. Its three-dimensional structure can provide cells anchorage sites, mechanical stability and structural guidance, which may result in new blood vessel invasion after been used localized \[[@pone.0172693.ref011]\]. DBM is mainly comprised of type I collagen(COL I) and bone morphogenetic proteins (BMPs) \[[@pone.0172693.ref012]\]. These two main components are favorable for the formation of dentin \[[@pone.0172693.ref013], [@pone.0172693.ref014]\]. COL I, as a component of dentine, can offer a scaffold for dental pulp cell migration as well as the attachment and deposition of the new dentin \[[@pone.0172693.ref013], [@pone.0172693.ref015]\]. COL I presents three-dimensional (3D)-porous structure in DBM. Among the 3D architecture, tissue cells interact with each other, and the extra cellular matrix results in a 3D communication network to maintain tissue homeostasis \[[@pone.0172693.ref016]\]. BMPs have been confirmed to promote the dental pulp stem cell differentiation into odontoblasts \[[@pone.0172693.ref017]\], which is the foundation of reparative dentine. BMPs not only regulate the development of tooth embryonic stem cells and odontoblasts differentiation but also participate in the dentin matrix secretion and mineralization \[[@pone.0172693.ref014], [@pone.0172693.ref018]\]. However, although COL I and BMPs both contribute to form dentine, no data have indicated that DBM can be used for direct pulp capping. Our study was proposed to compare the effects of direct pulp capping between DBM and Ca(OH)~2~. The results showed that DBM induced less inflammatory cell infiltration (ICI) and pulp tissue disorganization (PTD) suggesting the possibility of DBM used as a new pulp capping agent.

Materials and methods {#sec006}
=====================

DBM was provided by Zhenghai Biotechnology Inc. (Yantai, Shandong, China). DBM has a 3D-porous structure with high porosity\[[@pone.0172693.ref019]\]. The small pieces of DBM (1--2 mm, diameter) looked like white sponge with pore sizes ranged from 350 to 750 μm and was sterilized packed.

Experimental animals and experimental groups {#sec007}
--------------------------------------------

Fifty eight-week-old male SPF Wistar rats (SLRC Laboratory Co., LTD, Shanghai, China) were randomly divided into two groups: the DBM group (n = 25) and the Ca(OH)~2~ group (n = 25). Unilateral maxillary first molar was used for the experimental group, the other side was left as the blank control group. The pulpotomy rat model was established as previously reported \[[@pone.0172693.ref020]\]. Before experimental operation, it took one week for all the rats to adapt the environment. All animal experiments were conducted in accordance with the accepted standards of animal care and approved by the Animal Ethical and Welfare Committee of Nanjing Medical University.

Pulp-capping procedure {#sec008}
----------------------

The rats were anesthetized with an intraperitoneal injection of 5% pentobarbital (Sigma, P3761, USA) at a dose of 40 mg/kg. After each rat fixed on an operating board, the mouth was kept open with a jaw prop. The teeth were disinfected with 2% iodine tincture and 75% alcohol cotton balls. A portable desktop electric dental handpiece (3000 rpm, Sae Yang Machinery Co., Taegu, Korea) with 1/4 drill long neck round bur (MANI. INC, Japan) were used on the mesial marginal ridge to open the pulp, and a 1/2 drill long neck round bur (MANI. INC, Japan) was used to remove the roof. A small spoon was used to remove the coronal pulp. During the procedure, the molars were constantly washed with 0.9% physiological saline. Hemostasis of the exposed pulp was achieved with 0.9% physiological saline cotton balls. After gentle air drying, the cavity was capped with DBM or Ca(OH)~2~ (Dycal, Dentsply International Inc., York, PA, USA), and glass ionomer cement (Fuji IX, GC, Tokyo, Japan) was placed on top of the cap as the rebase material. Finally, all the cavities were restored with resin (Filtek Z350 XT, 3M ESPE, St. Paul, MN, USA) with a light-curing unit for 20 s. After the operation, all rats were fed with a soft diet.

Specimen preparation {#sec009}
--------------------

Five observation periods were set: 1, 3, 7, 14, and 28 days. After each observation period, the rats were sacrificed by transcardial vital perfusion with 4% paraformaldehyde phosphate buffer solution (PFA, pH 7.4, Ling Feng chemical reagent co., LTD, Shanghai, China) under general anesthesia. The maxillae, along with the experimental teeth, were removed and immersed in 4% PFA at 4°C for another 3 hours for further fixation.

Tissue preparation and serial sectioning {#sec010}
----------------------------------------

After fixation, the specimens were decalcified with a 10% EDTA (pH 7.4, Ling Feng Chemical Reagent Co., LTD, Shanghai, China) decalcifying solution at room temperature for 4 weeks. After decalcification, the glass ionomer cement and resin composite was carefully removed from the cavity and rinsed with phosphate-buffered saline (PBS, pH 7.4) three times. The specimens were then dehydrated in ascending grades of ethanol, dealcoholized by xylene, and embedded in paraffin. Serial sections of 5 μm thickness were cut using a sliding microtome (Leica Microsystems, Vertrieb, Wetzlar, Germany) for histopathological and immunohistochemical examination \[[@pone.0172693.ref021]\].

Specimen staining {#sec011}
-----------------

Hematoxylin-Eosin staining was used for observing the response of pulp tissue to the pulp capping materials. ICI, PTD and RDF were evaluated according to the criteria of modified versions of the ISO 10993 and 7405 standards presented in Tables [1](#pone.0172693.t001){ref-type="table"}--[3](#pone.0172693.t003){ref-type="table"} \[[@pone.0172693.ref022]\]. The performances of the two materials were compared, and the results were recorded\[[@pone.0172693.ref023]\].

10.1371/journal.pone.0172693.t001

###### Inflammatory Cell Infiltration (ICI).

![](pone.0172693.t001){#pone.0172693.t001g}

  Inflammatory cell infiltration   Inflammatory cell infiltration Characterization
  -------------------------------- --------------------------------------------------------------------------------------------------------
  Score 0                          None or a few scattered inflammatory cells present in the pulp area corresponding to the pulp exposure
  Score 1                          Slight inflammatory cell infiltrate with polymorphonuclear (PMNs) or mononuclear leukocytes (MNLs)
  Score 2                          Moderate inflammatory cell infiltrate involving the coronal pulp
  Score 3                          Severe inflammatory cell infiltrate involving the coronal pulp or characterizing abscess

10.1371/journal.pone.0172693.t002

###### Pulp Tissue Disorganization (PTD).

![](pone.0172693.t002){#pone.0172693.t002g}

  Tissue disorganization   Characterization
  ------------------------ -------------------------------------------------------------
  Score 0                  Normal tissue
  Score 1                  Odontoblastic layer disorganization but central pulp normal
  Score 2                  Total disorganization of the pulp tissue morphology
  Score 3                  Pulp necrosis

10.1371/journal.pone.0172693.t003

###### Reparative Dentin Formation (RDF).

![](pone.0172693.t003){#pone.0172693.t003g}

  Reactionary or reparative dentin formation   Characterization
  -------------------------------------------- -----------------------------------------------------------------------------------------------
  Score 0                                      Absence
  Score 1                                      Modest hard tissue deposition beneath the exposed area
  Score 2                                      Moderate hard tissue deposition beneath the exposed area
  Score 3                                      Intense hard tissue deposition beneath the exposed area characterizing complete dentin bridge

Immunohistochemical staining was used for observing the expression of Runx2, COL I, OCN, and DSP, which were expressed primarily at the early stage of reparative dentinogenesis. The sections were deparaffinized with xylene, hydrated in a series of descending grades of ethanol, and then rinsed briefly with PBS for the primary antibodies; the sections were incubated overnight at 4°C with polyclonal anti- Runx2, COL I, OCN and DSP (Wuhan Boster Biological Technology, Wuhan, China). They were then rinsed with PBS three times for 5 min each and immunochemically stained using StreptAvidin Biotin Complex (SABC) methods. The antibody localized antigen was then detected by peroxidase activation of 3, 30-diaminobenzidine (DAB, Wuhan Boster Biological Technology, Wuhan, China.) for 5 min. Finally, the sections were counterstained with Mayer's hematoxylin. The stained sections with root canal orifice fully shown were observed under a light microscope(Leica DM 4000B, German), the images were analyzed with Image Pro Plus 6.0 software (MediaCybernetics, USA) for quantification of the integrated optical density (IOD) and the corresponding area. The mean optical density was used for statistical analysis.

Statistical analysis {#sec012}
--------------------

The results of histopathological evaluation were statistically analyzed by the Mann-Whitney U-test, testing for differences between each experimental group and the positive control, as well as the blank control, during each observation period at a significance level of 0.05.

Immunohistochemical evaluation data were expressed as the mean ±standard error, results were analyzed using ANOVA and Student *t* test, P \< 0.05 was considered significant different using statistical software (SPSS 17.0 Base System SC, IBM SPSS, China).

Results {#sec013}
=======

Histological observation {#sec014}
------------------------

Representative histopathological images of the groups were shown in [Fig 1](#pone.0172693.g001){ref-type="fig"}. A summary of the results of the histopathological evaluation was given in [Fig 2](#pone.0172693.g002){ref-type="fig"}. Normal pulp morphology as the baseline could be observed in the blank control group. On 1 day, a substantial amount of inflammatory cell infiltration could be detected in both Ca(OH)~2~ and DBM groups and was more obvious in Ca(OH)2 group with the coagulation necrosis beneath. On 3 days and 7 days, the inflammatory reaction decreased gradually, matrix secretion could be observed in both groups, and this response increased in a time-dependent manner. On 14 days, the matrix calcification could be observed, and it was more obvious in the Ca(OH)~2~ group. On 28 days, inflammatory cell infiltration could still be found. In the DBM group, the structure of the pulp tissue beneath was basically normal, while in the Ca(OH)~2~ group, pathological calcification or necrosis of the pulp tissue was observed. Dentin bridges could be observed in both groups.

![Representative histological images of the Ca(OH)~2~ and DBM groups (x100 magnification, H&E staining).\
A: The blank control group. Pulp morphology was normal. B-F: Ca(OH)~2~ group (1, 3, 7, 14, and 28 days). G-K: DBM group (1, 3, 7, 14, and 28 days). Inflammatory reactions began from 1 day and continued to exist through the observation period. Reparative dentin formation could be observed in both groups on 28 days, and the DBM group showed more regular and thinner reparative dentin. Arrowheads indicate inflammatory reaction. RD means reparative dentin.](pone.0172693.g001){#pone.0172693.g001}

![Results of the histopathological evaluation.\
ICI: Inflammatory cell infiltration, PTD: Pulp tissue disorganization, RDF: Reparative dentin formation.](pone.0172693.g002){#pone.0172693.g002}

Both the Ca(OH)~2~ and DBM groups showed mild-to-moderate level ICI and PTD at all observation sites. The results of the Mann-Whitney U-test for the histopathological evaluation showed slighter ICI on 1 and 28 days and milder PTD on 28 days in DBM groups compared with the Ca(OH)~2~ group with significant difference (P\<0.05). Reparative dentin formation (RDF) could initially be observed on 14 days postoperatively in the two groups. DBM group showed less RDF with significant difference on 14 and 28 days compared with the Ca(OH)~2~ group (P\<0.05).

Immunohistochemical observation {#sec015}
-------------------------------

The early mineralization-related factors selected to study as specific markers of dentinogenesis were Runx2 and COL I. Positive expression of Runx2 and COL I were mainly in the preodontoblasts. The expression trend of the two factors in the Ca(OH)~2~ and DBM groups was consistent. It increased gradually from 1 day and reached a peak in approximately 7 days. Then, it decreased on 14 and 28 days. Generally, in the observation periods from 1 day to 28 days, Runx2 and COL-1 expression in the DBM group were higher than the Ca(OH)~2~ group; the difference was statistically significant on 3 and 7 days for Runx2, and on 1, 3, and 7 days for COL-1 (p \<0.05) (Figs [3](#pone.0172693.g003){ref-type="fig"} and [4](#pone.0172693.g004){ref-type="fig"}).

![Immunohistochemical expression of Runx2.\
(A): Representative immunohistochemical images of the blank control group, the Ca(OH)~2~ group and the DBM group. a: The blank control group. Pulp morphology was normal. b- f: Ca(OH)~2~ group (1, 3, 7, 14, 28 days). g- k: DBM group (1, 3, 7, 14, 28 days). (B): Mean IOD value of Runx2. \*means significant difference.](pone.0172693.g003){#pone.0172693.g003}

![Immunohistochemical expression of COL I.\
(A): Representative immunohistochemical images of the blank control group, the Ca(OH)~2~ group, and the DBM group. a: The blank control group. Pulp morphology was normal. b- f: Ca(OH)~2~ group (1, 3, 7, 14, 28 days). g- k: DBM group (1, 3, 7, 14, 28 days). (B): Mean IOD value of COL I. \*means significant differences.](pone.0172693.g004){#pone.0172693.g004}

The late mineralization-related factor OCN and specific odontoblastic marker DSP were mainly positively expressed in predentin and odontoblasts. The expression trend of OCN and DSP in the two groups was consistent. The trend enhanced gradually from 1 to 28 days. Generally, from 1 to 28 days, their expression in the DBM group was higher than the Ca(OH)~2~ group. The difference was statistically significant on 7, 14, and 28 days for OCN and on 1, 14, and 28 days for DSP (p \<0.05) (Figs [5](#pone.0172693.g005){ref-type="fig"} and [6](#pone.0172693.g006){ref-type="fig"}).

![Immunohistochemical expression of OCN.\
(A): Representative immunohistochemical images of the blank control group, the Ca(OH)~2~ group, and the DBM group. a: The blank control group. Pulp morphology was normal. b- f: Ca(OH)~2~ group (1, 3, 7, 14, 28 days). g- k: DBM group (1, 3, 7, 14, 28 days). (B): Mean IOD value of OCN. \*means significant differences.](pone.0172693.g005){#pone.0172693.g005}

![Immunohistochemical expression of DSP.\
(A): Representative immunohistochemical images of the blank control group, the Ca(OH)~2~ group, and the DBM group. a: The blank control group. Pulp morphology was normal. b- f: Ca(OH)~2~ group (1, 3, 7, 14, 28 days). g- k: DBM group (1, 3, 7, 14, 28 days). (B): Mean IOD value of DSP. \*means significant differences.](pone.0172693.g006){#pone.0172693.g006}

Discussion {#sec016}
==========

In our study, pulp capped with DBM had slighter inflammation reaction and a more obvious mineralization compared with Ca(OH)~2~ group. This suggested that as a biological material, DBM had appropriate biocompatibility and ability for physiological pulp repair. From the histopathological observation, many cells could be found in DBM layers. The pore size of DBM, ranging from 350 to 750 μm, was matched with the cell size and could thus induce the invasion of new blood vessels within its 3D structure \[[@pone.0172693.ref024]\]. Therefore, the cell- and vessel-rich spongy structure may play the role of a cushion to relieve inflammatory exudates, the histological elasticity was also improved to some extent.

Ideal pulp capping material should not only provide suitable microenvironment for dentin biomineralization but also should have certain antibacterial abilities, helping resist further injury aroused by the residual bacteria in dental pulp tissue. A steady and healthy pulp healing environment is of essential significance to pulp repair. In our study, it could be found that inflammatory cells infiltrated into whole dental pulp tissue in several Ca(OH)~2~ samples, resulting in dental pulp necrosis, even abscess formation. The alkaline pH of Ca(OH)~2~ may be an irritant to pulp tissue, making the pulp inflamed beyond control. Compared with the Ca(OH)~2~ group, DBM showed limited inflammation response beneath the pulp capping agent; the existence of inflammation suggests that DBM has no antibacterial role. Ca(OH)~2~ provides a mass of calcium, leading to calcium phosphate deposition and amorphous calcified mass formation \[[@pone.0172693.ref025]\]. The DBM group had thinner but more regular dentin bridge formation. Clinically, the use of Ca(OH)~2~ in pulpotomy of teeth frequently results in thick calcified bridge formation, making the root canal orifice blocked. Therefore, the formation of reparative dentin bridges with proper thicknesses to protect pulp vitality meanwhile reducing clinical dilemma is essential for pulp capping materials.

We selected the four related biological active factors that express the physiological dentinogenesis stage to investigate the reparative dentin formation progress. The odontoblast differentiation pattern is similar to osteoblast in gene and protein expression levels. Runx2, as a specific transcription factor, plays an important role in transcription regulation of odontoblasts differentiation \[[@pone.0172693.ref026]--[@pone.0172693.ref028]\]. COL I accounts for a large proportion in the predentin and dentin matrix, and it is one of the markers of early odontoblast differentiation \[[@pone.0172693.ref029]\]. OCN expresses in the late osteoblast differentiation mature stage, so we consider OCN an index of relative specificity markers of late odontoblasts differentiation \[[@pone.0172693.ref030]\]. DSP is a non-collagen protein, and it is essential in dentin mineralization. The phosphorus proteins nucleate to initiate dentin mineralization and crystal growth \[[@pone.0172693.ref031]\]. It was found that the DBM group showed a higher expression on those four factors, which may be associates with the BMPs. The role BMP2 plays in dental pulp stem cell differentiation, through BMP2---Smad1/5---DPC4---RUNX2 pathways, was already verified \[[@pone.0172693.ref032]\]. Runx2 gene binding sites are widespread in COL I, ALP, and DSP relevant genes, indicating that BMP2 plays an important role in odontoblast differentiation. Runx2, as a transcription factor, can also promote the expression of osteoblast-specific genes such as OCN and COL I \[[@pone.0172693.ref033]\]. The non-collagen proteins secreted by the odontoblast are gathered to the dentin matrix, promoting and regulating the mineralization of dentin matrix.

There are many biologically active factors participating in dental pulp stem cell proliferation and differentiation. Although DBM contains BMPs, the content is relatively low, and its release may be discontinuous, which may lead to discontinuous formation of the dentin bridge. If growth factors such as VEGF and BMP2 were added to DBM, better clinical effects may be obtained, this subject should be studied further.

On the basis of the findings from this study, the null hypothesis that DBM comprised of BMPs and COL I would promote wound healing and dentin bridge formation on the exposed rat pulp was accepted. However, DBM itself has no anti-inflammatory effect, so in subsequent trials, it may be considered appropriately to add a dosage of antibacterial drugs to obtain a better dental pulp capping effect.
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